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Goonetilleke SC, Wong JP, Corneil BD. Validation of a within-trial measure of the oculomotor stop process. J Neurophysiol 108: 760 -770, 2012 . First published May 16, 2012 doi:10.1152 /jn.00174.2012 .-The countermanding (or stop signal) task requires subjects try to withhold a planned movement upon the infrequent presentation of a stop signal. We have previously proposed a within-trial measure of movement cancellation based on neck muscle recruitment during the cancellation of eye-head gaze shifts. Here, we examined such activity after either a bright or dim stop signal, a manipulation known to prolong the stop signal reaction time (SSRT). Regardless of stop signal intensity, subjects generated an appreciable number of head-only errors during successfully cancelled gaze shifts (compensatory eye-in-head motion ensured gaze stability), wherein subtle head motion toward a peripheral target was ultimately stopped by a braking pulse of antagonist neck muscle activity. Both the SSRT and timing of antagonist muscle recruitment relative to the stop signal increased for dim stop signals and decreased for longer stop signal delays. Moreover, we observed substantial variation in the distribution of antagonist muscle recruitment latencies across our sample. The magnitude and variance of the SSRTs and antagonist muscle recruitment latencies correlated positively across subjects, as did the withinsubject changes across bright and dim stop signals. Finally, we fitted our behavioral data with a race model architecture that incorporated a lower threshold for initiating head movements. This model allowed us to estimate the efferent delay between the completion of a central stop process and the recruitment of antagonist neck muscles; the estimated efferent delay remained consistent within subjects across stop signal intensity. Overall, these results are consistent with the hypothesis that neck muscle recruitment during a specific subset of cancelled trials provides a peripheral expression of oculomotor cancellation on a single trial. In the DISCUSSION, we briefly speculate on the potential value of this measure for research in basic or clinical domains and consider current issues that limit more widespread use.
countermanding; eye-head coordination; neck muscles CONTEXTUAL CONTROL in a dynamic environment occasionally requires the abrupt cancellation or alteration of an impending movement. This aspect of contextual control can be studied in the laboratory via a countermanding (or stop signal) paradigm, which requires that subjects engaged in a response task occasionally try to cancel this movement upon the infrequent presentation of a stop signal. This paradigm enables estimation of the stop signal reaction time (SSRT), or the time needed to cancel the impending action (Colonius 1990; Logan and Cowan 1984) . As reviewed elsewhere (Verbruggen and Logan 2008) , the SSRT can serve as a benchmark to differentiate neural processes directly related to movement cancellation from those related to the adaptive adjustment of behavior (Hanes et al. 1998; Paré and Hanes 2003; Stuphorn et al. 2010 ), a metric for regression in imaging studies (Li et al. 2006 ) and as a means to assess inhibition or impulsivity in clinical and developmental studies (Floden and Stuss 2006; Schachar et al. 2004) . Because the SSRT is estimated rather than objectively measured, it is not possible to directly assess the variability of stopping, even though this measure may be particularly relevant in clinical domains.
Our recent work has examined how humans countermand large, head-unrestrained gaze shifts (Corneil and Elsley 2005) . In this task, subjects may either successfully or unsuccessfully cancel an eye-head gaze shift (Fig. 1C , left and middle); these two sequences are the analogous to cancelled and noncancelled saccades made with the head restrained (Hanes and Carpenter 1999) . Releasing the head permits the expression of a third sequence consisting of a head-only movement to the target while gaze remains stable due to compensatory eye motion (Fig. 1C, right) . Such head-only movements represent an intermediary type of error reflecting the nested nature of the eye within a mobile head; although gaze remains stable (hence subjects successfully cancelled the gaze shift), the head begins to orient to the target. Head-only movements are uniquely associated with a selective burst of antagonist neck muscle activity that actively brakes the head (Goonetilleke et al. 2010) . Across subjects, the timing of this antagonist burst relative to the stop signal (the antagonist muscle latency) correlated positively with estimates of the SSRT, even though antagonist muscle latencies were ϳ50 ms longer. These observations are consistent the hypothesis that antagonist muscle recruitment arises as a peripheral manifestation of oculomotor cancellation, with longer antagonist muscle latencies arising from the efferent delay from cancellation of the oculomotor program to the onset of antagonist muscle recruitment. If true, this hypothesis suggests that expressions of oculomotor cancellation are available within a single trial.
The goal of this study was to test this hypothesis across a manipulation known to influence the SSRT: the intensity of a visual stop signal. Since dimmer stop signals prolong and increase the variance of SSRTs (Morein-Zamir and Kingstone 2006), our hypothesis predicted a similar influence on the latencies of antagonist muscle recruitment. The collection of a large data set also allowed us to examine the distribution and variance of antagonist muscle recruitment latencies across our sample and across the manipulation of stop signal intensity. Finally, given that we had a data set of both SSRTs and antagonist muscle recruitment latencies for both dim and bright stop signals, we could also compare within-subject changes in these values. Consistent with our hypothesis, our results em-phasized a close relationship between estimates of SSRTs and objective measures of antagonist muscle latencies.
METHODS
Eight human subjects (3 women and 5 men; mean age: 27 yr) participated in the experiment. Experimental procedures were approved by the University Research Ethics Board for Health Science Research of the University of Western Ontario and were in accordance with the Declaration of Helsinki (1967) . Subjects gave informed written consent and were aware they could terminate testing at any time. No subjects reported any neurological or musculoskeletal deficits, and all had normal or corrected to normal vision. The three authors (subjects 1, 4, and 6) were knowledgeable about the specific experimental objectives, but their results did not differ from remaining subjects who were naïve to experimental goals.
Countermanding task. Subjects performed an oculomotor countermanding task (Fig. 1A) with their head unrestrained, as described in greater detail elsewhere (Corneil and Elsley 2005; Goonetilleke et al. 2010) . Briefly, the primary task (no-stop trials) required subjects to generate gaze shifts from a central fixation point (presented for between 1 and 1.5 s) to the peripheral targets located 60°to the left and right. Target eccentricity was selected to be well outside the oculomotor range for humans (Guitton and Volle 1987; Stahl 1999) ; thus, gaze shifts required coordinated movements of the eyes and head. On a subset of trials (stop trials; 30% of all trials), a stimulus directly above the central fixation point was illuminated after target presentation. The interval between the target onset and stop signal was termed the stop signal delay (SSD). All stimuli were light-emitting diodes (LEDs). When presented, the intensity of the stop signal was either bright (110 cd/m 2 ) or dim (20 cd/m 2 ) with equal probability. Subjects were instructed to try to withhold a gaze shift to the target upon presentation of the stop signal and were not given any instruction about eye-head coordination on either trial type or any feedback on performance.
All subjects completed 6 blocks of 204 trials each (1,224 trials in total per subject), with short breaks in between blocks. All experimental factors (target direction, trial type, stop signal intensity) were pseudorandomly presented with a block of trials by a customized LabView program that controlled the experiment at a rate of 1 kHz (National Instruments). This program also varied the SSD using an adaptive staircasing algorithm so that subjects cancelled gaze shifts on ϳ50% of all stop signal trials. This algorithm manipulated the ease of stopping by adjusting the SSD based the outcome of the previous stop signal trial, increasing (decreasing) the SSD by either 40 or 80 ms if the previous stop signal trial was successfully (unsuccessfully) cancelled, respectively. Separate staircasing algorithms ran for bright or dim stop signals. Both were initialized at 80 ms and ranged between 0 ms (i.e., target and stop signal presented simultaneously) and 600 ms (no subject reached this maximum SSD).
Data collection and analysis. As previously described (Goonetilleke et al. 2010) , we recorded horizontal eye movements via bitemporal electrooculography, head movements via an infrared tracking system, and the electromyographic (EMG) recruitment of splenius capitis (SPL; Fig. 1B) , a neck muscle known to contribute to horizontal head turns in the ipsilateral direction. EMG recordings were made via in-house intramuscular fine wire needle electrodes inserted at the level of the C4/C5 vertebrae [electrodes consisted of seven-stranded stain- Fig. 1 . A: depiction of timing of a stop trial, in which the reillumination of the central fixation point (FP) after target presentation cues the subject to try to cancel the impending eye-head gaze shift. SSD, stop signal delay, or time between target and stop signal presentation. B: neck muscle recruitment was measured bilaterally from splenius capitis (SPL), a large and relatively superficial neck muscle involved in ipsilateral head turns. C: representative examples of the three sequences observed during stop trials (taken from subject 8), showing the coordination of horizontal eye-in-head (Eh), head-in-space (Hh), and eye-in-space (Gh), and bilateral SPL recruitment (the agonist SPL serves to move the head toward the target). Note how the eye-in-head couterrotation during head-only errors ensures gaze stability; hence, head-only errors are a subtype of successfully cancelled gaze shifts. For the subplots showing neck muscle activity, each row represents data from a different trial, aligned on the target onset and ordered when possible by the movement onset. Note that there was antagonist muscle recruitment selectively during head-only errors (arrow in C).
less steel wire (A-M Systems, Sequim, WA) threaded into a 30-mm 25-gauge cannula (Kendal Monoject, Mansfield, MA)]. Because we sought to characterize SPL recruitment across a population of multiple motor units, we used two monopolar electrodes staggered by ϳ5 mm parallel to the long axis of the muscle fibers. Electrode placement was confirmed by strong recruitment during small ipsilateral head rotation and the absence of recruitment to shoulder shrugs or contralateral head rotation. EMG data were recorded with a Myopac Jr (Run Technologies, Mission Viejo, CA; low-pass filter modified to 2 kHz). All EMG and position data were sampled at 4 kHz and digitized with a 16-bit converter onto a MotionMonitor system (Innovative Sports Training, Chicago, IL).
All offline analyses were performed in Matlab. EMG data were full wave rectified and then bin integrated into 1-ms bins, and horizontal eye and head rotation was downsampled to 1 kHz and then added together to yield horizontal gaze position. Movement onsets and offsets were detected by a computer algorithm whenever motion crossed velocity thresholds (50°/s for gaze and 10°/s for head). These marks were used as guides for the placement of interactive marks by an analyst within a graphical user interface. Movement amplitudes and peak velocities were extracted between the onset and offset of these marks. The analyst also marked the onset and offset of muscle recruitment. Guide marks for the onset (offset) of muscle recruitment were placed when muscle activity exceeded 3 SD (or returned within 1 SD) of the mean EMG activity during the 200 ms preceding target presentation; these marks could also be interactively moved by the analyst. The behavior on a given stop trial was divided into one of three categories ( Fig. 1 ; see also RESULTS). On cancelled trials, neither the gaze axis nor head moved. On noncancelled trials, both the gaze axis and head moved in the direction of the target. On head-only errors, the head moved toward the target, but gaze remained stable due to counterrotation of the eye within the head. Because gaze remained stable during head-only errors, such trials are a subtype of cancelled gaze shifts.
Some analyses related to movement cancellation (e.g., construction of inhibition functions expressing the rate of movement probability as a function of SSD) required a minimum of 10 repeats of a given combination of SSD and stop signal intensity. Trials were excluded if movements began within Ͻ80 or Ͼ800 ms, proceeded away from the peripheral target, or exhibited abnormal profiles of muscle recruitment related to, for example, shifts in body position. Less than 5% of all trials were excluded with these criteria. Details of other statistical analyses are provided in the RESULTS.
RESULTS
Behavior and neck muscle recruitment during the attempted cancellation of gaze shifts. As previously reported (Corneil and Elsley 2005; Goonetilleke et al. 2010) , subjects generated three movement sequences when attempting to cancel large impending gaze shifts: they either fully cancelled motion of both the eyes and head (12.5 Ϯ 7.8% of all stop signal trials; Fig. 1C, left) , generated a coordinated eye-head gaze shift to the target (50.5 Ϯ 6.0% of all stop signal trials; Fig. 1C, middle) , or generated a head-only movement where the head moved toward the target but a compensatory eye-in-head movement ensured stability of the gaze axis (37.0 Ϯ 10.1% of all stop signal trials; Fig. 1C , right). Note that the first two sequences are complementary to the cancelled or noncancelled saccades made in a head-restrained study of saccade countermanding (Hanes and Carpenter 1999) but that the third movement sequence is predicated on the head being free to move. Note as well that gaze remains stable during the cancelled and head-only movement sequences, meaning that subjects successfully countermanded gaze shifts. The propensity of these movement sequences did not differ systematically with either a bright or dim stop signal (paired t-test of propensity across intensity, P Ͼ 0.2 for all comparisons). We never observed a type of eye-only error (i.e., a target-directed eye movement without an accompanying head movement), likely because the targets were well beyond the oculomotor range.
Our more recent work (Goonetilleke et al. 2010 ) assessed the bilateral recruitment of SPL during these three movement sequences. As previously reported, and regardless of stop signal intensity, each sequence was associated with a unique spatiotemporal profile of SPL recruitment (shown for a representative subject in Fig. 1C ). Bilateral SPL recruitment was absent on the majority of successfully cancelled trials (Fig. 1C, left) . Strong agonist and negligible antagonist SPL recruitment accompanied noncancelled eye-head gaze shifts that attained the target (Fig. 1C , middle) and during eye-head gaze shifts on no-stop signal trials (not shown). Finally, although strong agonist SPL recruitment accompanied head-only errors, this movement sequence also featured consistent and robust recruitment of antagonist SPL (Fig. 1C , right, arrow). Such antagonist muscle recruitment occurred during the erroneous head motion to the target and hence is a lengthening contraction that serves to actively brake the head. Our previous work (Goonetilleke et al. 2010) showed that the magnitude of antagonist muscle recruitment correlated with the metrics and kinematics of erroneous head motion, with larger antagonist muscle activity accompanying larger and/or faster head movements. Here, we were particularly interested in the timing of antagonist muscle recruitment and how it relates to the SSRT.
Prolonged movement cancellation for dimmer stop signals. As expected based on previous results (Morein-Zamir and Kingstone 2006), subjects required more time to stop an impending gaze shift when presented with a dim stop signal. This result was attested to by the leftward shift in the inhibition functions that expressed gaze shift probability as a function of SSD ( Fig. 2A) , i.e., a dim stop signal had to be presented earlier than a bright stop signal to result in an equal probability of successful cancellation. Note that all inhibition functions appeared fairly symmetrical, ranging between less than about 0.2 for the shorter SSDs to above 0.9 for the longer SSDs; this means that the dynamic adjustment of the SSDs was successful in getting subjects to cancel gaze shifts on approximately half of all stop trials. Finally, note from Fig. 2A that although the inhibition functions shifted left for all subjects for dim stop signals, the amount of the shift varied substantially, ranging from a very small shift for subject 2 (differing only at the longer SSDs) to larger shifts of ϳ75 ms for subject 4. Figure 2B shows the proportion of head-only errors as a function of SSD for both dim and bright stop signals. Headonly errors were equally likely for bright and dim stop signals (paired t-test, t 7 ϭ 1.1, P ϭ 0.3), being generated on average in 38.1 Ϯ 10.6% (mean Ϯ SD; range: 25.5-55.4%) or 35.8 Ϯ 10.4% (range: 22.1-48.4%) of stop trials with a bright or dim stop signal, respectively. Head-only errors tended to occur at the early and intermediate SSDs within the range of SSD. Recall that head-only errors are a subtype of a successfully cancelled gaze shifts; in some subjects, essentially all of the successfully cancelled gaze shifts at a given SSD were headonly errors (e.g., subject 1 at the lower SSDs). Thus, although we gave no explicit instructions to encourage head-only errors, they are a common sequence that provides a considerable yield to examine how muscle recruitment varies across different stop signal intensity.
Using the inhibition functions and distribution of reaction times on no-stop signal trials, we calculated the SSRT for gaze shifts using both the integration and mean method as well as the average of these two methods (Table 1 ) (see Goonetilleke et al. 2010 for further details). SSRTs were significantly longer for dim (154 Ϯ 17.3 ms) versus bright stop signals (102 Ϯ 32.2 ms, paired t-test, t 7 ϭ 6.32, P Ͻ 10 Ϫ4 ), indicating that subjects required more time to stop a planned gaze shift with a dim stop signal.
Antagonist muscle latency: alignment, distribution, and relationship with SSD. Every head-only error provides an opportunity to measure the timing of the recruitment of the antagonist muscle and, we hypothesized, the cancellation of an oculomotor program. One prediction of this hypothesis is that the timing of antagonist muscle recruitment should be better aligned to the onset of the stop signal rather than the peripheral target. Across our sample, the coefficient of variation for the timing of neck muscle recruitment was significantly lower when aligned to the stop signal rather than the target, regardless of stop signal intensity (bright stop signals: paired t-test, t 7 ϭ 5.15, P ϭ 0.001; dim stop signals: paired t-test, t 7 ϭ 4.79, P ϭ 0.002). Figure 3 shows the timing of antagonist muscle recruitment for every head-only movement observed in our sample (recall data from subject 8 was shown in Fig. 1C) . Based on our analysis of the coefficient of variation, we aligned these data relative to the stop signal (within each subplot, trials are stacked in terms of decreasing SSD so that the SSD for a given trial is the time between the circle on the left and the white vertical line). Above each plot in Fig. 3 is a histogram showing the distribution of antagonist muscle recruitment latencies for each subject. We observed substantial variation in the shape, breadth, and magnitude in this measure, with the latency distribution appearing unimodal in some subjects and bimodal in others. Across our sample, the average median antagonist muscle latency for dim stop signals was 216 Ϯ 42 ms (range: 169 -294 ms) versus 173 Ϯ 51 ms for bright stop signals (range: 123-266 ms; see also Table 1 ). Thus, as with the SSRT, the latency of antagonist muscle recruitment increased significantly for dimmer stop signals (paired ttest, t 7 ϭ 7.68, P Ͻ 10 Ϫ4 ). The race model provides a conceptual framework that produces testable predictions about how behavior should change with different SSDs. One prediction is that the SSRT should decrease for longer SSDs (Logan and Cowan 1984) ; if the stop process varies stochastically, cancellation at longer SSDs only arises on trials when movement cancellation proceeds more quickly, since there is less time available for stopping. We therefore looked at the relationship of both the SSRT (estimated by the integration method at a given SSD) and the antagonist muscle latency across SSD (since the range of SSDs differed for each subject, SSDs were rank ordered from shortest to longest). This analysis was done separately for dim (Fig. 4A) or bright (Fig. 4B ) stop signals, with either the SSRT or antagonist muscle latency normalized to the value at the shortest SSD before being pooled across subjects. For both dim and bright stop trials, both SSRTs and antagonist muscle latencies decreased with increasing SSDs, consistent with the predictions of the race model (P Ͻ 0.001 for regressions in Fig. 4, A and B) . Correlations between the duration and variance of SSRTs and antagonist muscle latencies. We now turn to the relationship between SSRTs and antagonist muscle recruitment across and within subjects. As shown in our previous work (Goonetilleke et al. 2010) , although SSRTs were ϳ60 -70 ms shorter than antagonist muscle latencies (consistent with an efferent delay in conveying a signal to the motor periphery), these measures were positively correlated across our sample, meaning that subjects with a shorter SSRT tended to also have shorter antagonist muscle latencies ( Fig. 5A ; each subject contributed two points to this plot, one from each stop signal intensity, r ϭ 0.76, P Ͻ 0.001). We also observed a positive correlation between estimates of the variance of the SSRT (obtained from the integration method) with the interquartile range obtained from the antagonist muscle response (r ϭ 0.51, P ϭ 0.04; Fig. 5B ). Thus, when our data were pooled across our sample of subjects and stop signal intensities, both the magnitudes and variances of SSRTs and antagonist latencies were related; subjects with longer and more variable SSRTs tended to have longer and more variable antagonist muscle latencies.
As a final test of our hypothesis that antagonist recruitment latencies reflect the stop process, we examined how both the antagonist latencies and SSRTs changed within subjects across stop signal intensity. As shown above, although both the antagonist latencies and SSRTs increased for dim stop signals, the magnitude of such increases varied substantially across subjects (see Table 1 ). Figure 5C shows the magnitudes of such intensity-dependent increases for the antagonist muscle latency as a function of that for the SSRT and demonstrated a positive correlation (r ϭ 0.83, P ϭ 0.01); thus, subjects with larger intensity-dependent changes in SSRTs tended to have larger increases in the antagonist latency. This result demonstrates that a manipulation that influences SSRT in a subject-dependent fashion exerts a similar influence on antagonist muscle latencies, providing further evidence for a tight relationship between these two measures.
Estimating the efferent delay for antagonist muscle recruitment during head-only errors. Despite the relationships between SSRTs and antagonist latencies, antagonist latencies are substantially longer that SSRTs (Table 1 and Fig. 5A ). From a conceptual standpoint, this difference is not surprising; SSRTs estimate the duration of a central process, whereas antagonist latencies are measured in the motor periphery. If our hypothesis is true, antagonist latencies arise from the sum of the duration of central process (estimated by the SSRT) and the time it takes to convey the outcome of this process to the motor periphery (the efferent delay for antagonist muscle recruitment). We modeled the countermanding of eye-head gaze shifts and used this model to estimate the efferent delay during head-only errors. In particular, we were interested in 1) whether a single architecture can replicate the observed inhibition functions and the proportion of head-only errors across SSD and stop signal intensity and 2) whether the within-subject efferent delays Our model is shown in Fig. 6A . In this model, which we have previously proposed (Corneil and Elsley 2005) , behavior is determined by the outcome of a race between an "oculomotor" go and stop process. Head-only errors occur on successfully cancelled trials when the go process exceeded a lower "head" threshold before movement cancellation. This lower head threshold is consistent with neurophysiological observations (for a review, see Corneil 2011) and the absence of gaze errors without head movements. This model also incorporates ballistic intervals for gaze shifts and head movements that comprise the time between the go process exceeding the gaze or head threshold and the onset of the respective movement. These ballistic intervals themselves comprise the efferent delay between the commitment to move and agonist muscle activation and the biomechanical coupling time from muscle activation to movement onset.
To model behavior and estimate parameters, we adapted the maximum likelihood technique presented previously (Kornylo et al. 2003) for eye-head gaze shifts (see model 2 in Corneil and Elsley 2005 for full details). Briefly, the go and stop processes are modeled to vary independently about a mean rate () with a SD (). We first estimated rate parameters for the go process, based on the gaze and head reaction times from no-stop trials, candidate gaze and head ballistic intervals, and a candidate head threshold. Candidate ballistic intervals were subtracted from the observed reaction times to derive oculomotor reaction times, and oculomotor reaction times from head movements were further divided by the fraction of the head threshold. The oculomotor reaction times estimated from observed gaze and head reaction times were then combined into a reaction time distribution. Rates were determined from the reciprocal of this reaction time distribution, based on maximum likelihood estimates [i.e., (,) obtained via the "mle" function in Matlab].
Using the estimated rates of the go process and candidate head threshold, we then produced predicted inhibition functions for gaze and head movements by racing this go process against a candidate stop processes (this was done separately for dim and bright stop signals). Different SSDs delay the onset of the stop process relative to the go process. The predicted proportion of gaze shifts was the intersection between the cumulative rate distribution from the shifted stop process and the inverted cumulative rate distribution of the go process (Kornylo et al. 2003) . The predicted proportion of head movements was obtained in a similar manner, after first shifting go rates to higher values to account for the lower head threshold.
We used a nonlinear minimization technique ("fminsearch" in Matlab) to determine the best parameters for the model that Fig. 4 . Test of the race model. The race model predicted that measures related to the duration of movement cancellation decrease with increasing SSD, since less time is available for cancellation on such trials. For both dim (A) and bright (B) stop signals, both the SSRT (calculated at a given SSD via the integration method) and antagonist muscle latency followed this prediction. Both measures had to be normalized within a subject before being pooled across our sample; this was done by normalizing both measures to that observed at the shortest SSD and then rank ordering SSDs. EMG, electromyograph. Error bars show SEs. minimize the difference between the expected and observed gaze and head inhibition functions for both bright and dim stop signals (for some subjects, we fitted only the middle portion of the inhibition function with a smooth transition, excluding short or long SSDs). Overall, the minimization processes involved the estimation of nine parameters [the rate parameters (,) for the go and stop processes for dim and bright stop signals, the ballistic intervals for gaze shifts and head movements, and the head threshold]. The parameters for the best fit are shown for all subjects in Table 2 . The estimated ballistic interval for gaze shifts averaged 33.3 Ϯ 13.0 ms (range: 17.0 -54.5 ms). The estimated ballistic interval for head movements averaged 112.6 Ϯ 13.4 ms (range: 93.3-128.3 ms). The head threshold averaged 0.63 Ϯ 0.10 (range: 0.50 -0.80), meaning that the threshold for activating head movements was less than gaze shifts for all subjects. Figure 6B shows a comparison of the observed inhibition function for gaze shifts and the proportion of head-only errors versus SSD to that predicted by our model. Across our sample and both stop signal intensities, the model shown in Fig. 6A did a reasonable job describing movement propensity across the range of SSDs. The SSRTs predicted by this model (i.e., the inverse of the mean rate of the stop process) also agreed well with those estimated by averaging the results of the mean and integration methods (paired t-test, t 15 ϭ 1.8, P ϭ 0.08; Fig. 6C and Table 2 ).
Having derived the parameters for the model shown in Fig.  6A , we could then use them to estimate the duration of the efferent delay between the completion of the STOP process and the onset of antagonist muscle recruitment. Note that this measure differs from the ballistic interval for head movements, which runs from when the go process exceeds the head threshold to the onset of head motion. Because we estimated independent stop processes for bright and dim stop signals, we could derive independent estimates of the efferent delay for antagonist muscle recruitment within a given subject and determine whether they agree. To do this, at each SSD for both dim and bright stop signals, we raced independently selected go and (delayed) stop processes against each other (1,000 iterations) and determined the completion time for those stop processes where the go process had exceeded the head threshold, since this produces head-only errors. The estimated efferent delay was then calculated as the difference between these completion times and the observed antagonist latencies. For dim stop signals, the efferent delay for antagonist muscle recruitment was 73.4 Ϯ 41.3 ms (range: 13.7-147.7 ms; Table  2 ). For bright stop signals, the efferent delay for antagonist muscle recruitment was 79.7 Ϯ 40.8 ms (range: 13.8 -134.0 ms; Table 2 ). As shown in Fig. 6D , these measures were positively correlated (r ϭ 0.94, P Ͻ 0.001), meaning that subjects with low efferent delays with bright stop signals had a similarly low efferent delay for dim stop signals. Moreover, the efferent delays for bright and dim stop signals did not differ significantly (paired t-test, t 7 ϭ 1.2, P ϭ 0.27).
A number of aspects of this modeling effort deserve emphasis. First, the estimation of the nine parameters for the model was done exclusively based on the reaction times of gaze shifts and head movements and the gaze and head inhibition functions; the timing of neck muscle recruitment did not factor into this estimation in any way. Second, the estimation of the rates for the stop processes for dim and bright stop signals were independent. Finally, although there was substantial variation in the estimations of the efferent delay for antagonist muscle recruitment across our sample, these estimations fell within a physiological range and never obtained negative values. Overall, this modeling effort reinforces the plausibility that antagonist muscle recruitment arises from the completion of the stop process on a subset of successfully cancelled trials. 
DISCUSSION
The countermanding, or stop signal, paradigm remains a mainstay for research into movement cancellation. This task provides a means to estimate how long it takes to cancel a movement (the SSRT) based on the theoretical framework of the race model (Logan and Cowan 1984) . This advantage also presents a problem: movement cancellation implies the absence of something that can be observed directly and accordingly must be estimated indirectly. A number of methods for estimating movement cancellation have been proposed (Colonius 1990; Kornylo et al. 2003; Logan and Cowan 1984; Walton and Gandhi 2006) . When the head is free to move, a subset of successfully cancelled gaze shifts are accompanied by small head movements to the target (Corneil and Elsley 2005) . Neck muscle recruitment during such head-only trials both launches and then actively brakes erroneous head motion, and we have proposed the recruitment of the antagonist muscle, in particular, is a direct manifestation of oculomotor cancellation (Goonetilleke et al. 2010) . As shown here, antagonist muscle recruitment latencies correlated well with traditional measures of movement cancellation (the SSRT) both within and across subjects when the intensity of a visual stop signal was varied. The opportunity to directly measure movement cancellation on a within-trial basis also enables observation of the distribution and variance of the antagonist muscle latency. As shown in Fig. 3 , we observed substantial heterogeneity in these measures across our sample of subjects; such observations demonstrate one example of the utility of measurements of neck muscle activity, as they would not have been possible via traditional estimates of SSRTs.
A bottom-up perspective on oculomotor control for large gaze shifts. Key to our hypothesis is that head movements are initiated before the commitment for a large gaze shift. Headonly errors arise because of such staggered initiation, providing instances wherein head movements are both started and stopped even though gaze remains stable by virtue of compensatory vestibular reflexes (Corneil and Elsley 2005) . Our previous research on the countermanding of eye-head gaze shifts has shown that such sequences are common, being expressed on ϳ20% of all stop signal trials (Corneil and Elsley 2005; Goonetilleke et al. 2010) . The proportion of head-only errors was higher in the current study (ϳ35%), likely because the staircasing procedure for adaptively determining SSDs preferentially samples the intermediate SSDs at which head-only errors are more common (Fig. 2) .
Far more is known about the oculomotor mechanisms for starting versus stopping head movements during large eyehead gaze shifts. At the 60°eccentricity used here, neck EMG began far in advance of the gaze shift (e.g., Fig. 2 ). Other behavioral studies have suggested that eye-in-head motion must be made in light of anticipated head motion (Tweed et al. 1998) , emphasizing a bottom-up perspective to recruitment that reflects the nested nature of the eye within a mobile head. Neurophysiological evidence has demonstrated that levels of oculomotor activity insufficient to recruit saccadic gaze shifts can produce neck muscle recruitment and head-only movements that are counteracted by compensatory eye movements, similar to the head-only errors observed here in humans Corneil et al. 2002b; Rezvani and Corneil 2008) . In humans, transcranial magnetic stimulation of the frontal eye fields (FEF) can evoke neck muscle responses without saccades (Goonetilleke et al. 2011) . We and others have argued that the brainstem mechanisms that tightly govern saccadic gaze shifts do not exert a similar level of inhibition on premotor head circuits (for a review, see .
The neural mechanisms recruited to actively arrest head motion (i.e., those recruiting the antagonist neck muscles) remain unknown. Neural correlates of oculomotor cancellation have been reported in the superior colliculus (SC) and FEF, consisting of a decrease of firing in saccade-related neurons and a simultaneous increase in the activity of fixation-related neurons (Hanes et al. 1998; Paré and Hanes 2003) . We view it as unlikely that either of these mechanisms could directly recruit antagonist neck muscles, even if they may be occurring contemporaneously. Electrical stimulation in the vicinity of fixation-related neurons (i.e., in the rostral SC or lateral FEF) is associated with little or no neck muscle recruitment, and when such recruitment is evoked, it appears on the agonist rather than antagonist muscles (Corneil et al. 2002a; Elsley et al. 2007) . The direct contribution of other oculomotor areas also appears unlikely. Stimulation of omni-pause neurons (OPNs) also does not consistently decelerate on-going head motion (Gandhi and Sparks 2007) . Signals recorded in the supplementary eye fields (SEF) arise too late to be directly signal movement cancellation , and evidence favors a role for this area in the adaptive control of behavior rather than strict inhibition (Stuphorn and Schall 2006) . Furthermore, SEF stimulation, like stimulation of the FEF and SC, also recruits a contralateral head-turning synergy that scales with gaze shift magnitude and never recruited anything resembling movement cancellation (Chapman et al. 2012) . Although further work is needed, we suggest that the mechanisms that actively brake on-going head motion reside outside of well-studied oculomotor areas. Numerous results have suggested that a frontobasal ganglia circuit, which includes the inferior frontal cortex and dorsomedial frontal cortex and subthalamic nucleus, may comprise the neural circuit for stopping manual movements (for a review, see Aron 2011) . Electrical stimulation in areas of the precentral cortex can evoke ipsilaterally directed head movements during defensive responses that differ from the contralaterally directed head movements evoked from the FEF and SEF (Boulanger et al. 2009; Graziano et al. 2002) ; such a circuit may provide a substrate for arresting the head in midflight. Neural substrates for the cancellation of limb movements have also been found in the supplementary and presupplementary motor areas (Chen et al. 2010; Scangos and Stuphorn 2010) and to a greater degree in the dorsal premotor cortex (Mirabella et al. 2011) . The study by Mirabella and colleagues (2011) in particular describes two classes of neurons whose activity either decreased or increased before the SSRT; the latter may relate the activation of antagonist muscles, although this remains to be investigated.
While correlates of limb cancellation have been demonstrated in the frontal cortex, the extrapolation of these findings to our results must be done cautiously. The cancellation of eye and hand movements can be uncoupled to a much higher degree than eye-head gaze shifts (Boucher et al. 2007; Logan and Irwin 2000) , suggesting that the cancellation of eye and hand movements are not obligatorily coupled. In contrast, although the control of an inertial structure like the head may resemble that of the limb in some aspects, orienting head movements are an essential component of large gaze shifts controlled by the oculomotor system. Further, even though subjects were not given any specific instruction on how to control the head, they never generated the eye-only errors, which would have been predicted if the control of gaze and head orienting was independent. We favor the interpretation that cancellation of an oculmotor program is a single process than can manifest differentially in the cephalomotor periphery depending on whether a head movement has been initiated or not. Although this is speculation, it is consistent with the strong relationships we observed between antagonist muscle latencies and the SSRT across a variety of experimental manipulations and analyses.
Head-only movements as a partial response in the oculomotor system. The strict segregation between cancelled and noncancelled trials is perhaps best exemplified in the saccadic system when studied with the head restrained. Saccades are easily detected, and there is no evidence for ocular motility or extraocular muscle recruitment during cancelled trials (Godlove et al. 2011) . Reports have differed on whether small-to medium-sized (less than ϳ10 -15°in amplitude) noncancelled saccades can be hypometric or not (Colonius et al. 2001; Godlove et al. 2011; Hanes and Schall 1995; Ozyurt et al. 2003; Paré and Hanes 2003) , although large noncancelled gaze shifts can certainly be arrested in midflight (Corneil and Elsley 2005; Goonetilleke et al. 2010) . On the whole, it appears that the processes preceding saccade initiation have a ballistic component: once initiated, a rapid saccade will be launched, even if the later part of the trajectory can be modified. In contrast, the classification of response types in limb or hand movements is not as straightforward. Many aspects of movement kinematics, muscle recruitment, or force profiles suggest that inhibition can be expressed at essentially any stage along the continuum from motor preparation through execution (De Jong et al. 1990; Ko et al. 2012; Franks 1997, 2003; McGarry et al. 2000; Osman et al. 1986; Scangos and Stuphorn 2010; van Boxtel et al. 2001 ). In the skeletomotor system, therefore, the "point of no return" may be therefore a conceptual notion without any underlying neural substrate. In contrast in the oculomotor system, we speculate that the point of no return is embodied in the brain stem circuit via the potent inhibition of OPNs on the saccadic burst generator (Scudder et al. 2002) , highlighting a fundamental difference between the oculomotor and skeletomotor systems (Godlove et al. 2011 ). According to our proposition that head orienting escapes OPN inhibition (effectively allowing a lower threshold for initiating orienting head movements, as conceptualized in Fig. 6A ), head-only errors can therefore be interpreted as a partial response characteristic of the head-unrestrained oculomotor system. What is particularly unique about this type of partial response is that it is occurring within a nested motor system: given that subjects successfully countermanded the gaze shift on head-only errors, the initiation and active cancellation of head movements occurred prior to the point of no return of the gaze axis.
If one accepts that the cancellation of head-only movements arises from the oculomotor stop process, then every head-only movement provides an opportunity to empirically assess the stop process. As recently noted (Godlove et al. 2011) , partial responses in the oculomotor system could be a powerful tool for understanding motor control in saccadic tasks. Although partial responses do not appear to be present in a proxy of extraocular EMG activation via electroencephalography (Godlove et al. 2011), we suggest that head-only movements, and more precisely the underlying profile of neck muscle recruitment, provides exactly this type of measure. Since such activity is recorded in the motor periphery, one must acknowledge the efferent delay, which we suggest is the main contributor to the difference between SSRTs and antagonist muscle latencies (ϳ60 -70 ms in this study). The variability in the estimated efferent delay across subjects may arise at least in part from the functional or histochemical heterogeneity of SPL motor units recorded in a given subject. We did not tightly constrain the location of recording within SPL, and there is some evidence for a differential distribution of muscle fiber type throughout a number of dorsal neck muscles, including the SPL (Richmond et al. 1999 (Richmond et al. , 2001 ). The morphometry and functional recruitment of the SPL can also vary substantially across different humans (Blouin et al. 2007; Kamibayashi and Richmond 1998; Keshner et al. 1989 ); hence, it is possible that recordings accessed different muscle compartments.
Potential utility of antagonist muscle latencies and issues limiting widespread use. We have previously speculated on the potential utility of antagonist muscle latencies for neurophysiological research (Goonetilleke et al. 2010 ); neck EMG measures could provide a precise boundary condition for determin-ing whether or not a given neurophysiological signal is directly involved in movement cancellation. Neck EMG measures could prove useful in basic or applied research domains. In particular, the ability to directly measure the variance and assess the distribution of a proxy of oculomotor stopping may provide new metrics suitable for developmental studies or comparisons across drug therapies. Applied studies of developmental or clinical populations frequently obtain Ͼ250 trials to estimate SSRT (e.g., Armstrong and Munoz 2003; Aron et al. 2003; Enticott et al. 2008; Schachar and Logan 1990) ; given that head-only movements occur on ϳ10% of all trials total, the yield of head-only movements should be sufficiently high to permit assessment of variance and distributions.
Currently, a few issues limit more widespread use of neck EMG measurements studies of oculomotor cancellation. First, neck muscle motoneurons are the final common path of numerous descending systems, and this diversity has to be recognized for appropriate experimental design and interpretation. As an example, our first iteration of this experiment involved a manipulation of stop signal modality, since SSRTs are longer with auditory versus visual stop signals (Cabel et al. 2000; Stevenson et al. 2009 ). However, our preliminary data showed far shorter antagonist muscle latencies to auditory stop signals than expected based on the changes in SSRTs. In retrospect, we realized that the antagonist neck muscle latencies were confounded by the acoustic startle reflex, which can interact with voluntary motor programs (Siegmund et al. 2001; Valls-Sole et al. 1997) .
Another issue is the use of intramuscular fine wire needle electrodes. Our choice of this recording technique stemmed from concerns that surface EMG recordings of neck muscles involved in head turning can be unreliable and susceptible to cross-talk from other neck muscles (Mayoux-Benhamou et al. 1995) . While intramuscular recording techniques were an appropriate choice for the goals of this study and our sample of healthy volunteers, the inherent invasiveness would likely limit the size of the sample in clinical and developmental studies. In this regard, we note that the development of high-density surface EMG recordings may provide a fruitful alternative to intramuscular recording techniques (Drost et al. 2006; Zwarts and Stegeman 2003) . Whether such recordings can reliably assess antagonist recruitment latencies remains to be determined.
In conclusion, neck muscle recruitment during a subset of successfully cancelled gaze shifts appears to provide a novel marker of the cancellation of an oculomotor program. What is particularly unique about this measure is its availability within a single trial. This may allow for direct assessment of the variability and distribution of stopping latencies at an unprecedented resolution and could be particularly relevant in clinical populations.
